Introduction
Magneto-dielectric materials have been of great interest not only due to various fundamental physics derived from their exchange interactions, but also due to their potential application for novel magneto-electric devices such as spin transistor type memories. It is therefore important to continue to develop novel magneto-dielectric materials for future applications in electronics and spintronics. 13) In our past studies on the BaFeO 3¹¤ films on epitaxially grown SrTiO 3 substrates, it was revealed that this material exhibited several unique natures, including fairly high electrical resistivity and antiferromagnetic spin ordering with a small parasitic ferromagnetic component even at room temperature. 46) In addition, it was also found that the magneto-dielectric properties of BaFeO 3¹¤ were optimized when 80% of the Fe ions were substituted by Zr ions. The origin of this ferromagnetism, which is quite unique and rarely, was thought to be ascribed to the 180°super-exchange coupling of Fe , and observed in this class of materials.
611)
From these points of view, it is interesting to develop novel magneto-dielectric materials that contain unique tetra-valent Fe ions, since 180°super-exchange coupling of Fe
is expected to have a ferromagnetic nature. 1012) In the series of the present studies, we have focused on Sn as a substitution element instead of Zr, which is considered to be very stable when they exist in the tetravalent state. It is noted here that BaSnO 3 itself is a potential dielectric material. 1318) We therefore expected that the Sn substitution of Fe sites in BaFeO 3 might significantly improve the dielectric natures of materials. 19) However, the saturation magnetization of the Ba(Fe 0.5 Sn 0.5 )O 3¹¤ thin films was about half value of that of the Ba(Fe 0.2 Zr 0.8 )O 3¹¤ (BFZO). 10, 11, 19) Moreover, the Ba(Fe 0.5 Sn 0.5 )O 3¹¤ thin films indicated space charge limited current conductivity, which meant that the conduction current usually increased in accordance with the relationship J £ V 2 if all charge trap sites were occupied by electron. In the low electric field region, however, the Ba(Fe 0.5 Sn 0.5 )O 3¹¤ film samples showed higher resistivity than that of the BFZO film samples.
Based on the situation mentioned above, we expects that the BFSO films still have potential to further increase their saturation magnetization and to reduce their leakage current by optimizing the degree of Sn substitution. So far, we have fabricated Ba(Fe 1¹x Sn x )O 3¹¤ (x = 0.50.9) thin films on SrTiO 3 (STO) single crystal substrates. In this communication, we investigate the magneto-dielectric properties of the single crystalline Ba(Fe 1¹x Sn x )O 3¹¤ (BFSO) thin films and discuss the magnetic and dielectric natures.
Experimental Procedure
Ba(Fe 1¹x Sn x )O 3¹¤ (x = 0.50.9) thin films with thicknesses of 60 nm were fabricated on (001) STO and (001) 0.05 mass% Nb-doped STO (Nb-STO) single crystal substrates by pulsed laser beam deposition using KrF excimer laser ( = 248 nm, 2 Hz). The Ba(Fe 1¹x Sn x )O 3¹¤ (BFSO) bulk targets were prepared via a conventional ceramic process from a stoichiometric mixture of BaCO 3 , ¡-Fe 2 O 3 , and SnO 2 powders. The oxygen partial pressure during deposition and the subsequent cooling process was maintained at 13.33 Pa.
Structural characterizations of the films were carried out by X-ray theta-2theta diffraction (XRD). Phi scans by using the four-circle X-ray diffractometer were also performed to confirm the epitaxial growth of the films. The magnetization loops were measured using a superconducting quantum interference device magnetometer at 300 K. For measurement of the electrical and dielectric properties, Pt upper electrodes were deposited on the BFSO/Nb-STO samples by ion beam sputtering at room-temperature. The leakage properties were then measured via a two-probe technique and the dielectric properties were evaluated using an LCR meter under an applied bias field of 0 V.
Results and Discussion
Figure 1(a) shows the ª-2ª XRD scans for the BFSO thin film samples. Only (00L) diffraction peaks for perovskite BFSO as well as (00L) peaks for the STO substrates were observed in the scans. Identical results were obtained for the samples deposited on the Nb-STO substrates. Figure 1 (b) shows the XRD phi scan for the {011} off-axis planes for BFSO in the x = 0.5 samples. The {011} diffraction peaks of BFSO were found to definitely appear every 90°, which simply meant the BFSO films were grown epitaxially having the C 4 symmetry within the film plane. Identical results were also obtained regardless of the amount of Sn-substitution. Since no super-structured XRD peaks relating the formation of a double perovskite structure through the atomic ordering of the Fe and Sn ions could be observed in any ª-2ª scans. Thereby, the BFSO samples grew epitaxially with the Fe and Sn ions randomly occupied the B-site position in the perovskite crystal structure. The lattice constants a and c which were estimated from the XRD (001) and (011) diffraction peaks of the in-and out-of-plane ª-2ª scans are shown in Fig. 2 . The lattice constant c gradually increased with increasing in the amount of Sn-substitution, which was dominantly determined in accordance with the difference in the ionic radii for Fe and Sn (Fe < Sn). On the other hand, the lattice constant a showed little change irrespective of the amount of Sn-substitution due to the lattice binding by the STO substrate.
The results of the I-V measurement for the epitaxially grown BFSO thin films on Nb-STO substrates are shown in Fig. 3 . Only the I-V characteristics for positive bias voltage are indicated in Fig. 3 , because the curves in the negative bias region are considered to be meaningless due to the diode effect. The leakage current densities gradually decreased with increasing in the amount of Sn-substitution. One of the reasons of this result is speculated that the oxygen deficiencies in the BFSO thin films decrease due to the tetravalent Sn ion substitution, just the same in the case of the Zr substitution.
9) The leakage current densities of the x = 0.7 and x = 0.8 samples were around 1 © 10 ¹4 A/cm 2 at the positive bias electric field at 400 kV/cm. This value is about three orders smaller than that of the x = 0.5 samples. The leakage current density of the x = 0.9 samples was 1.38 © 10 ¹5 A/cm 2 at 400 kV/cm, which was about four orders smaller than that of the x = 0.5 samples. It should be noted here, the dielectric breakdown could not be observed for all the samples. Therefore, the leakage current density level of BFSO film samples could be significantly improved.
The frequency dependence of the dielectric constant and dielectric loss is shown in Fig. 4 . All the samples exhibited fairly large dielectric constant ¾: over 110 even at 1 MHz for the x = 0.7 or over samples. This value is considered to be a little bit larger than that of the general para-electric materials. The very small value of dielectric loss of 0.06 could be observed for the x = 0.7 samples irrespective of the frequency. In contrast, the dielectric loss of x = 0.5 and x = 0.9 samples had a peak at around 2 © 10 4 Hz and 3 © 10 5 Hz, respectively. But perhaps, x = 0.7 and x = 0.8 samples may also have a peak in other frequency range except for present measurement range.
As for the origin of the leakage current density of the x = 0.5 samples, we have reported that it was space charge limited current (SCLC) type, showing the charge trap region in the SCLC plot (Ln J vs Ln E). 19) Figure 5 shows the Ln J vs Ln E (SCLC) plots for the same data shown ion Fig. 3 . The typical charge trap region was not found when the Snsubstitution was greater than 0.7. Hence, the peak of the dielectric loss at around 2 © 10 4 Hz for the x = 0.5 samples is considered to be ascribed to the trapped carriers. In contrast, the typical charge trap region could not be observed in the SCLC plot of the x = 0.9 samples, which simply meant the conduction type of x = 0.9 samples was not the SCLC type. From above reasons, it is suggested that the electrical conduction type change from SCLC-type to another.
When the leakage current is restricted by Poole-Frenkel (PF) type conduction, the applied electric field (E) dependence of the leakage current densities (J) can be described by the following expression:
where º T , ¾ and · 0 are the trap potential, the optical dielectric constant and the low field electric conductivity, respectively. 20) This expression means that the Ln J/E vs E 1/2 plots indicate a linear relationship when this conduction type dominates the leakage current. Moreover, the ¾ can be estimated from the gradient of the plots. Figure 6 shows the Ln J/E vs E 1/2 (PF) plots for the same data shown in Fig. 3 . As can be seen in this figure, a linear relationship was obtained for all the samples. The ¾ of the x = 0.9 samples estimated from the gradient of the plots was 132, which almost corresponded to the dielectric constant ¾ indicated in Fig. 4 in the high frequency region. Therefore, the conduction type of the x = 0.9 samples could be determined to be PF-type. From above result, the peak of the dielectric loss at around 3 © 10 5 Hz for the x = 0.9 samples is considered to be ascribed to the carriers trapped in the trap level in the energy band. In contrast, the values of the ¾ of the x = 0.7 and x = 0.8 samples estimated from the gradients of the plots were to be 3.5 and 2.9, respectively, which were much smaller than that of the dielectric constant ¾ obtained in Fig. 4 . Thereby, it is suggested that the conduction type of the x = 0.7 and x = 0.8 samples cannot solely be PF-type. Furthermore, the reasonable values of ¾ for the x = 0.7 and x = 0.8 samples could not be obtained from
), neither. Consequently, it is speculated that several electrical conduction mechanisms coexist for the x = 0.7 and x = 0.8 samples.
The magnetization loops for the BFSO film samples measured at 300 K are shown in Fig. 7(a) . All the BFSO film samples shown were ferromagnetic in nature, even at room temperature, regardless of the amount of substituted Sn. The relationship between the saturation magnetization and the amount of Sn-substitution is shown in Fig. 7(b) . For the x = 0.7 samples, the saturation magnetization had a maximum value of 0.224 ® B /f.u. at 300 K. This value is about twice as large as that of the x = 0.5 samples, and it is about same value as that of BFZO. It is suggested that the amount of Sn-substitution strongly influence the saturation magnetization, as well as the number of d-electrons of the Fe ions because of the decrement of the oxygen deficiency. The origin of the ferromagnetic nature of the BFSO film samples is thus believed to be from 180°super-exchange coupling of Fe
, similar to the case of the BFZO. 10, 11) Thus, the magnetic ordering has much been improved for the x = 0.7 samples clearly.
Consequently, Ba(Fe 0.3 Sn 0.7 )O 3¹¤ (x = 0.7 BFSO) thin films are considered to be fairly good dielectric insulator. However, we consider that x = 0.7 BFSO thin films had potential for further increase their saturation magnetization and reduce their leakage currents. Hence, it is necessary for the practical use to more improve the magneto-dielectric properties for the x = 0.7 BFSO, for example, by B-site cosubstitution with Sn and Zr and/or A-site substitution with Yb. 21) 
Summary
In this study, epitaxial Ba(Fe 1¹x Sn x )O 3¹¤ thin films have been successfully fabricated on (001) STO substrates, and evaluated their structural, dielectric and magnetic properties. All the samples were ferromagnetic in nature, even at room temperature, regardless of the amount of Sn-substitution.
For the x = 0.7 samples, the saturation magnetization had a maximum value of 0.224 ® B /f.u. at 300 K, which was almost twice as large as the value of x = 0.5 samples. The electrical conduction mechanism of the x = 0.9 samples was considered to be Poole-Frenkel type conduction, and that of the x = 0.7 and x = 0.8 samples was speculated to be some electrical conduction mechanism coexisting state. The leakage current density for the x = 0.7 samples was about 1.04 © 10 ¹4 A/cm 2 at the positive bias electric field at 400 kV/cm. The dielectric constant and dielectric loss for the x = 0.7 samples were 110 and 0.06 even at 1 MHz, respectively. Therefore, the magnetic and dielectric properties of the BFSO films have been successfully improved by Sn substitution, especially for x = 0.7, suggesting that Ba(Fe 0.3 -Sn 0.7 )O 3¹¤ can be a fairly good magneto-dielectric material. 
